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Introduction
As part of a joint collaboration between the U.S. Department of Energy (DOE) and the China Institute of Atomic Energy (CIAE), staff from Argonne National Laboratory are providing training to staff from CIAE in the use of the U.S. safety analysis code SAS4A/SASSYS-1. During the first training session, held 10-14 May 2010, participants recognized the importance of completing a series of benchmark problems based on the China Experimental Fast Reactor (CEFR) design. Joint participation in the benchmark activities achieves two goals. First, it provides confirmation that the use and modeling capabilities of SAS4A/SASSYS-1 have been thoroughly and accurately described by Argonne staff and understood by CIAE staff. Second, it provides a foundation for the development of more complex models of CEFR with broader applications for safety analysis.
This report defines the first in a series of benchmark problems designed for comparative analysis of the coupled thermal, hydraulic, and neutronic performance of CEFR during transients. Comparisons will be made between independent models developed by CIAE and Argonne staff. As the first in a series of benchmark problems progressing from simple to complex, this benchmark is designed to have the minimum phenomenological and computational complexity needed for consistency with prototypic system performance.
The transient is an assumed protected transient overpower (TOP) accident, which is terminated with a reactor scram. Computational results that will be compared consist of computed temperatures in the fuel, coolant, and structure as well as reactor power and flow as a function of time during the transient. Analytical methods used to evaluate safety performance are incorporated in the SAS4A/SASSYS-1 computer code. In the following sections, the benchmark specifications are defined and the data required to construct the model input are described. Based on the required data, CIAE and Argonne staff will construct independent models and evaluate the safety performance of CEFR based on the assumed transient conditions.
Benchmark Specifications
The initial benchmark problem is the simulation of a protected (with scram) transient overpower (TOP) accident. Prior to the initiation of the TOP, normal steady-state operating conditions at full power and flow are assumed. Insertion of positive reactivity initiates the transient. When the reactor reaches a predetermined overpower condition, the reactor control system inserts a large, negative scram reactivity. At the initiation of the scram, the positive reactivity insertion is assumed to cease. Therefore, the external reactivity applied to the reactor as a function of time is
where € ˙ ρ + is the positive reactivity insertion rate that causes the TOP, During the transient, the coolant inlet temperature is assumed to remain constant at its initial steady-state value. Two cases for the coolant flow rate following the scram will be considered. In the first case, it is assumed that the primary coolant pumps remain operational, and the coolant flow rate remains constant at its initial steady-state value. That is,
In the second case, it is assumed that the primary coolant pumps trip at the same time as the initiation of the scram. Coolant flow in the primary system is assumed to decline according to a flow halving time, such that
where € t 1 2 is the initial flow halving time, in seconds.
To simplify the model development and evaluation of this initial transient, a number of assumptions are specified. As future benchmark specifications are defined, many of these assumptions will be eliminated to increase the complexity of the modeling so that additional transient conditions can be evaluated. The following assumptions are specified:
1. A single, average fuel assembly will represent the thermal-hydraulic behavior of the entire core. A single, average fuel pin will represent all the fuel pins in the average assembly. 2. Primary loop, intermediate loop, and balance-of-plant components and performance characteristics are neglected. Steady-state boundary conditions for the core are defined by inlet temperature, inlet flow rate, and outlet pressure. Transient conditions for the initial benchmark are as described above. 3. All reactivity feedbacks will be ignored, so that only the insertion and scram reactivities are applied for determining the reactor fission power. Reactor decay heat is calculated based on the initial power level and the fission power history during the transient. 4. Temperature-independent thermophysical properties for fuel, cladding, and structure are used. Burnup-independent properties are used for fuel. Bond gap conductance is specified as a constant. 5. Temperature-dependent thermophysical properties for sodium coolant are those defined in the SAS4A/SASSYS-1 code.
These assumptions are not meant to be exclusive and other assumptions may be required. Either CIAE staff or Argonne staff may propose additional assumptions, and upon agreement the assumptions become part of this benchmark specification.
Data Requirements
In addition to the assumptions described above, certain data on the CEFR design and performance characteristics will be required so that CIAE and Argonne staff can create independent models. Some of the required data may be obtained from literature, in which case citations are required. When possible, however, data and correlations should reflect known performance of CEFR. In particular, assembly geometry, power distributions, flow characteristics, and material properties shall be specific to CEFR.
Steady-State Conditions
Basic steady-state conditions include total reactor power and flow, as well as assembly inlet temperature and outlet pressure. Other conditions, such as outlet temperature and pressure drop, are calculated based on power distributions, assembly geometry, and other data. Required data for initializing steady-state conditions is shown in Table I . Additional details on power distributions and decay heat parameters will be described in the following sections. 
Transient Conditions
The initial transient to be evaluated is a protected transient overpower accident, as described in Section 2. Data required for this transient include the positive reactivity insertion rate, overpower condition to initiate a scram, and the negative scram reactivity. A summary of required data for the transient is shown in Table II. Note that the overpower condition is used in determining the value of € t s in Equations (1) and (2). 
Assembly Geometry
A traditional sodium-cooled, fast reactor design is assumed for the core and assembly components of CEFR. Liquid metal coolant flows upward through the reactor core that consists of a uniform lattice of hexagonal, ducted assemblies. Each fuel assembly consists of a number of fuel pins within the duct, with additional regions, or zones, above and below the fuel. Fuel pins are composed of cylindrical fuel material clad with stainless steel. The fuel pin may also contain upper and lower fertile blanket regions.A fission gas plenum may exist within the cladding either above or below the fuel.
In SAS4A/SASSYS-1, the thermal-hydraulic performance of the reactor core is analyzed with a computational model that represents the core as a number of single-pin channels. Each single-pin channel describes the response of a single fuel pin and its associated coolant and structure. In a multiple-channel, whole-core model, each single-pin channel characterizes the average pin in a fuel assembly, and assemblies with similar reactor physics and thermalhydraulics characteristics are grouped together. For the initial benchmark, a single channel is used to represent all assemblies in the core. Future benchmark specifications will expand upon this model and use multiple channels to represent different regions within the core.
Based on the above description, a number of parameters are required for representing the fuel pin geometry. These include fuel diameter, core height, cladding thickness, pin pitch, duct wall diameter, and many other parameters. The required geometric data for modeling the fuel zone is summarized in Table III . Above and below the fuel zone, one or more axial reflector or shield zones will be present. In these zones there may be a variety of complex geometric configurations. Two common configurations that might be encountered include solid pin bundle shielding, similar to the core zone, or one or more central flow holes surrounded by shield material. Basic geometric parameters for these alternatives are presented in Table IV . The general assembly parameters shown in Table III are assumed to extend through the upper and lower reflector/shield zones. For this benchmark, as much information as possible should be provided about these zones to ensure that thermal-hydraulic conditions can be accurately represented in the individual models created by CIAE and Argonne.
Power Distribution and Decay Heat
Power distributions within a core are dependent upon assembly position and fuel enrichment, axial position, and intra-fuel radial position. Because this initial benchmark represents the CEFR core with a single channel, the dependence on assembly position is neglected, and a single average assembly represents the entire core. The normalized axial power distribution within the assembly is required, and up to 24 segments may be defined. The normalized intra-fuel radial power distribution is also required, but may be specified as flat. Power distribution data requirements are shown in Table V . Intra-fuel radial power distributions may be specified on an equal radius or equal volume basis.
The power distributions defined by Table V apply for the duration of the transient and apply to both fission and decay power. Decay heat production is tracked by decay heat "precursors" that build up due to fission and decay to produce heat:
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where € β h,n is the decay heat power fraction, and € λ h,n is the corresponding decay constant for group n. Up to six decay heat groups may be defined. Decay heat data requirements are shown in Table VI . For the initial benchmark, it is assumed that decay heat is initialized based on an infinite steady-state irradiation time.
SAS4A/SASSYS-1 also supports allocating a fraction of the total power to direct heating of structure, cladding, and coolant. For the initial benchmark, direct heating of non-fueled regions will be neglected. 
PSHAPR(NT) * IEQMAS determines whether radial fuel nodes are evaluated on an equal radius or equal volume basis. 
Group Power Fraction
Decay Constant (s -1 ) 1 € β h,1 € λ h,1 2 € β h,2 € λ h,2 3 € β h,3 € λ h,3 4 € β h,4 € λ h,4 5 € β h,5 € λ h,5 6 € β h,6 € λ h,6
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Point Kinetics
During the transient, fission power amplitude will be determined by the conventional point kinetics equations: 
Material Properties
Fuel, Cladding, and Structures
For the initial benchmark, the thermophysical properties of fuel, cladding, assembly duct wall, and other structures are assumed to be independent of temperature. In the core zone, fuel, cladding, and duct wall properties are required. For purposes of modeling, wire-wrap properties are assumed to be the same as the duct wall. A summary of the required data for all materials is presented in Table VIII. Above and below the fuel zone, thermophysical properties for reflector/shield compositions and surrounding structures are required. SAS4A/SASSYS-1 resolves the features in these zones using a simplified two-node slab treatment. In this case, reflector/shield properties represent materials within the flow area, and structure properties represent materials that surround the flow area (such as the duct wall).
It is worth noting that material properties in the zones below the core have no significance in this first benchmark specification. This is because the core inlet temperature is held constant during the transient, so no temperature changes will be predicted in the lower zones. June 4, 2010
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Nevertheless, these properties will be required for future benchmarks and are included in the requirements here. Heat Capacity J/kg-K Thermal Conductivity W/m-K
Coolant
Correlations for the temperature-dependent thermophysical properties of liquid sodium are included in the SAS4A/SASSYS-1 code. As with the fuel and structural materials listed above, these properties include density, heat capacity, and thermal conductivity. 
Heat Transfer
For heat transfer between the coolant and the surfaces of the fuel element, the reflectors, and the structure, the Lyon-Martinelli heat transfer correlation is used:
where Nu is the Nusselt number and Pe is the Peclet number. The correlation coefficients C 1 , C 2 , and C 3 are required. The coolant heat transfer coefficient, h c , can then be solved using the relationship
€ D e is the effective hydraulic diameter.
Heat transfer across the gap between the outer fuel surface and the inner cladding surface is a complex function of fuel and cladding conditions and the extent of fission gas release. For this benchmark, a constant gap heat transfer coefficient, h g , will be required. To achieve the effect of a constant gap heat transfer coefficient, the input values HBMIN and HBMAX must be set equal to the required value. Heat transfer data requirements are summarized in Table IX . 
Pressure Drop
Pressure drop through core assemblies is a combination of both friction and form pressure losses. Turbulent friction pressure losses are represented as
while laminar friction pressure losses are represented as
SAS4A/SASSYS-1 supports two options for transitioning between laminar and turbulent friction factors. The first is to specify the Reynolds number for the transition between laminar and turbulent flow regimes, while the second is to add both components together for all Reynolds numbers. For this initial benchmark, the second option will be used.
Form pressure loss coefficients can be used between zones in a channel to represent losses due to complex geometry that is not explicitly represented. For the initial benchmark, inlet and outlet loss coefficients are required for the single channel, but loss coefficients between zones will be neglected. Table X summarizes the data required for pressure loss calculations. 
Calculated Data
Once the required data described in Section 3 are provided by CIAE, both CIAE and Argonne participants will create models of CEFR using the SAS4A/SASSYS-1 safety analysis code. Simulations of the protected TOP will be carried out, and selected computed results from steady-state and transient conditions will be compared for two transients. As stated earlier, the two transients differ in that one assumes the primary pumps continue to operate at nominal flow during the transient, while the second assumes the primary pumps trip at the same time as the scram.
For both cases, the single channel flow rate and pressure drop will be recorded. In addition, the following steady-state axial temperature distributions will be tabulated for comparison:
Future Activities
This document defines an initial benchmark specification and data requirements for comparative analysis of the coupled thermal, hydraulic, and neutronic performance of CEFR during transients based on simulations performed by the SAS4A/SASSYS-1 code. In order to complete the benchmark analysis, modeling data specific to the CEFR design is required.
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These data requirements are defined in Section 3. Benchmark participants from CIAE will provide the necessary data. Benchmark participants from Argonne National Laboratory will update this document with the provided data and issue a revision of this document.
Once the benchmark specifications are completed and a revision to this document is issued, participants from CIAE and Argonne will develop independent models of the CEFR based on these specifications using the capabilities of the SAS4A/SASSYS-1 code. Comparisons of the simulation results will take place at a future training meeting to be held at Argonne National Laboratory. These comparisons will provide an opportunity to identify discrepancies in the models and to correct sources of error. In this way, these benchmark models will provide a foundation for the development of more complex models of CEFR with broader applications for safety analysis.
